Although liver toxicity induced by titanium dioxide nanoparticles (TiO 2 NPs) has been demonstrated, very little is known about the molecular mechanisms of multiple genes working together underlying this type of liver injury in mice. In this study, we used the whole-genome microarray analysis technique to determine the gene expression profile in the livers of mice exposed to 10 mg/kg body weight TiO 2 NPs for 90 days. The findings showed that longterm exposure to TiO 2 NPs resulted in obvious titanium accumulation in the liver and TiO 2 NP aggregation in hepatocyte nuclei, an inflammatory response, hepatocyte apoptosis, and liver dysfunction. Furthermore, microarray data showed striking changes in the expression of 785 genes related to the immune/inflammatory response, apoptosis, oxidative stress, the metabolic process, response to stress, cell cycle, ion transport, signal transduction, cell proliferation, cytoskeleton, and cell differentiation in TiO 2 NP-exposed livers. In particular, a significant reduction in complement factor D (Cfd) expression following long-term exposure to TiO 2 NPs resulted in autoimmune and inflammatory disease states in mice. Therefore, Cfd may be a potential biomarker of liver toxicity caused by TiO 2 NPs exposure.
or sunscreens, or orally administered drugs (Powell et al., 2010) . However, little is known about the potential toxicities and the underlying mechanisms of these metal oxide nanoparticles.
Recent in vitro and in vivo studies have reported on the toxicity of TiO 2 NPs. An in vitro study showed that both rutile and anatase TiO 2 NPs impaired cell function in human dermal fibroblasts and decreased cell area, cell proliferation, cell mobility, and the ability of cells to contract collagen, with the latter being more potent in inducing cell damage (Pan et al., 2009) . Petković et al. (2011) found that TiO 2 NPs transiently upregulated mRNA expression of p53 and its downstream-regulated DNA damage response genes (mdm2, gadd45a, p21) . Numerous reports have also unequivocally shown that exposure to TiO 2 NPs caused liver dysfunction and oxidative damage in vivo. For example, Wang et al. (2007) reported that 5 g/kg TiO 2 NPs administered by oral gavage increased the ratio of alanine aminotransferase (ALT) to aspartate aminotransferase (AST), the activity of lactate dehydrogenase (LDH), and liver weight, and caused hepatocyte necrosis. Our previous studies also found that ip injection of TiO 2 NPs in mice for 14 consecutive days or intragastric administration for 60 consecutive days induced liver dysfunction , inflammatory responses Ma et al., 2009) , oxidative stress , and hepatocyte apoptosis of liver (Cui et al., 2010; Ma et al., 2009) , which were closely associated with alterations in proinflammatory cytokines Ma et al., 2009) or stress-related cytokine expression levels (Cui et al., 2010) . Although the studies mentioned above were conducted to evaluate the toxicological effects of TiO 2 NPs, studies on the multiple molecular mechanisms of TiO 2 NP hepatotoxicity in animals and global changes in gene expression have not been assessed in animal model systems. We speculate that liver damage in mice following exposure to TiO 2 NPs may have special biomarkers of toxicity.
Microarray technology provides a high-throughput functional genomics approach toward a greater understanding of the complex and reciprocal interactions within the genome at the molecular level (Stover, 2004) . Large-scale gene expression analysis provides a logical approach to studying the detailed mechanisms of chemical-induced organ toxicity and to the identification of potential biomarkers of toxicity (Yin et al., 2006) . Recently, microarray was used to predict the toxicity of chemicals in various tissues, including the heart, aorta, and liver (Dutta et al., 2003) . In this investigation, we aimed to determine the gene expression profile following TiO 2 NP-induced liver injury and histopathological changes, ultrastructure, hematological parameters, and liver function. The data on gene expression profiling showed significant changes in genes involved in immune/inflammation responses, hepatocyte apoptosis, oxidative stress, and the metabolic process. These results may serve as a reference for future mechanistic studies on the effects of TiO 2 NPs or other NPs on the liver of animals or humans.
MATerIAls AND MeThODs
Chemicals: preparation and characterization. Nanoparticulate anatase TiO 2 was prepared via controlled hydrolysis of titanium tetrabutoxide. Details of the synthesis and characterization of TiO 2 NPs were described in our previous reports Yang et al., 2002) . The average particle sizes of powdered TiO 2 NPs suspended in 0.5% w/v hydroxypropylmethylcellulose (HPMC) K4M solvent after 12 and 24 h incubation ranged from 5 to 6 nm, and the surface area of the sample was 174.8 m 2 /g. The mean hydrodynamic diameter of TiO 2 NPs in HPMC solvent ranged from 208 to 330 nm (mainly 294 nm), and the zeta potential after 12 and 24 h incubation was 7.57 and 9.28 mV, respectively . Wang et al. (2007) that sensitivity to TiO 2 NPs exposure was higher in CD-1 (ICR) female mice than in CD-1 (ICR) male mice (Wang et al., 2007) . Therefore, CD-1 (ICR) female mice were used in this study. About 150 CD-1 (ICR) female mice (23 ± 2 g) were purchased from the Animal Center of Soochow University (China). All mice were housed in stainless steel cages in a ventilated animal room. Room temperature of the housing facility was maintained at 24 ± 2°C, with a relative humidity of 60 ± 10% and a 12-h light/dark cycle. Distilled water and sterilized food were available ad libitum. Prior to dosing, the mice were acclimated to this environment for 5 days. All procedures used in the animal experiments conformed to the U.S. National Institutes of Health Guide for the Care and Use of Laboratory Animals (Bayne, 1996) .
Animals and treatment. It was previously demonstrated by
In our preliminary experiments, we used TiO 2 NPs suspensions at different concentrations (2.5, 5, and 10 mg/kg of body weight [BW] ), which were administered intragastrically for 90 consecutive days. Treatment with 10 mg/kg BW TiO 2 NPs resulted in severe organ damage (Gui et al., 2011; Sang et al., 2012) , and this dose was used as the highest dose in subsequent experiments. The mice were randomly divided into two groups (n = 20): a control group (treated with 0.5% w/v HPMC) and an experimental group (10 mg/kg BW TiO 2 NPs). The mice were weighed, and the TiO 2 NPs suspensions were administered to the mice intragastrically every day for 90 days. Symptoms and mortality were carefully observed and recorded each day during the 90 days. After the 90-day period, all mice were weighed and then sacrificed after being anesthetized using ether. Blood samples were collected from the eye vein by rapidly removing the eyeball. Serum was collected by centrifuging blood at 2500 rpm for 10 min. The livers were quickly removed and placed on ice and then dissected and frozen at −80°C.
Titanium content analysis. Livers were thawed, and approximately 0.1-0.3 g of the liver was weighed, digested, and analyzed for titanium content. Inductively coupled plasma-mass spectrometry (ICP-MS, Thermo Elemental X7, Thermo Electron Co.) was used to analyze the titanium concentration in the samples. An indium concentration of 20 ng/ml was used as an internal standard, and the detection limit of titanium was 0.074 ng/ml. The data were expressed as nanograms per gram fresh tissue.
Histopathological evaluation of liver. For pathological studies, all histopathological examinations were performed using standard laboratory procedures. The livers were embedded in paraffin blocks, then sliced into 5-mmthick sections and placed onto glass slides. After hematoxylin-eosin staining, the slides were observed and photographs were obtained using an optical microscope (Nikon U-III Multi-point Sensor System). The identity and analysis of the pathology slides were unknown to the pathologist.
Observation of hepatocyte ultrastructure. Livers were fixed using 2.5% glutaraldehyde in 0.1 mol/dm 3 cacodylate buffer for 2 h, and the samples were washed three times with 0.1 mol/dm cacodylate buffer (pH 7.2-7.4) and postfixed for 1 h in 1% osmium tetraoxide. The specimens were dehydrated by a graded series of ethanol and embedded in Epon 812. Ultrathin sections obtained were contrasted with uranyl acetate and lead citrate and visualized using a JEOL 1010 transmission electron microscope (Hitachi Co., Japan). Hepatocyte apoptosis was determined based on the changes in nuclear morphology (e.g., chromatin condensation and fragmentation).
Hematological parameter determination. Blood samples were collected in tubes containing EDTA as anticoagulant. White blood cells (WBC), lymphocytes (LYMPH), and neutrophilic granulocytes (NEUT) were measured using a hematology autoanalyzer (Cell-DYN 3700).
Biochemical analysis of liver function. Liver function was evaluated by serum levels of ALT, AST, alkaline phosphatase (ALP), LDH, total cholesterol (TCHO), and triglycerides (TG) using commercial kits (Bühlmann Laboratories, Switzerland). All biochemical assays were performed using a clinical automatic chemistry analyzer (Type 7170A, Hitachi, Japan).
Microarray assay. Gene expression profiles in liver tissue isolated from five mice in the control and TiO 2 NP-treated groups were compared by microarray analysis using Illumina BeadChip (Illumina, San Diego CA). Total RNA was isolated using the Ambion Illumina RNA Amplification Kit (cat no. 1755; Austin, TX) according to the manufacturer's protocol and stored at −80°C. RNA amplification is the standard method for preparing RNA samples for array analysis ( Kacharmina et al., 1999) . Total RNA was then submitted to the Biostar Genechip Inc. (Shanghai, China) , where RNA quality was analyzed using a BioAnalyzer, and cRNA was generated and labeled using the one-cycle target labeling method. cRNA from each mouse was hybridized to a single array according to standard Illumina RNA Amplification Kit protocols for a total of arrays.
Microarray data analysis. Illumina BeadStudio
Application was used to analyze data generated in this study. This program identifies differentially expressed genes and establishes their biological significance based on the Gene Ontology (GO) Consortium (http://www.geneontology.org/GO.doc.html). Differentially expressed genes were identified using ANOVA, and the level of statistical significance was set at p < 0.05. A threshold of 13.0 was used to limit the data set to genes upregulated or downregulated with a diffscore of 13 or greater.
Quantitative real-time PCR. The mRNA expression levels of Apoa4, Apoa5, Asah31, Cfd, Cyp2c55, Cyp51, Cyp7a1, Cyp7b1, Dhcr7, Ehhadh, Grb2, Jun, Ngfrap1, Nnmt, Nsdh1, Pmvk, Pvr12, Sc4mol, and Spsb2 in mouse livers were determined using quantitative real-time PCR (qRT-PCR) (Ke et al., 2000; Liu and Saint, 2002; Livak and Schmittgen, 2001) . Synthesized cDNA was used for RT-PCR by employing primers, which were designed using Primer Express Software according to the software guidelines. PCR primer sequences are available on request.
Statistical analysis. Statistical analyses were conducted using SPSS 17 software. Data were expressed as means ± standard deviation. One-way ANOVA was carried out to compare the differences in means among multigroup data. Dunnett's test was performed when each data set was compared with the solvent-control data. Statistical significance for all tests was judged at a probability level of 0.05 (p < 0.05).
resulTs

Titanium Content
The amount of titanium accumulated in the mouse liver was observed to be 2440 ng/g tissue for 90-day exposure. This accumulation of titanium may have caused liver dysfunction and tissue damage in mice, which were confirmed by subsequent assays of biochemical parameters and liver histological and hepatocyte ultrastructure observations.
Histopathological Evaluation of Liver
The histological photomicrographs of liver sections are shown in Figure 1 . In the control group, the liver tissue had no abnormal pathological changes (Fig. 1A) . However, in the group exposed to 10 mg/kg BW TiO 2 NPs, focal inflammatory cell infiltration, nucleus vacancy, vein congestion, and edema were observed in liver tissue (Fig. 1B) , suggesting induction of the inflammatory response and hepatocyte damage by TiO 2 NPs.
Hepatocyte Ultrastructure Evaluation
The changes in hepatocyte ultrastructure in mouse liver are presented in Figure 2 . It was observed that untreated mouse hepatocytes (in the control group) contained round nuclei with homogeneous chromatin (Fig. 2A) . Hepatocyte ultrastructure in the group treated with 10 mg/kg BW TiO 2 NPs showed classical morphological characteristics of apoptosis, such as mitochondrial swelling, nucleus chromatin condensation, or vacuolization (Fig. 2B ). In addition, as seen in Figure 2B , TiO 2 NPs aggregated in the cytoplasm or were deposited on karyotheca or in the nucleus.
Hematological Parameters
Results of hematological evaluation indicated that WBC, LYMPH, and NEUT in TiO 2 NP-treated mice were gradually reduced (Table 1) (p < 0.05 or 0.01), i.e., the levels of WBC, LYMPH, and NEUT were decreased by 59.15, 69.78, and 58.90%, respectively.
Assay of Liver Function
Serum biochemical parameters were assayed to further evaluate the toxicity of TiO 2 NPs on mouse liver. Table 1 lists the changes in biochemical parameters in mouse serum following administration of TiO 2 NPs by gavage for 90 consecutive days. It was noted that TiO 2 NPs exposure significantly increased the activities of ALT, AST, ALP, and LDH, and elevated the levels of total cholesterol (Tchol) and TG, suggesting that long-term exposure to TiO 2 NPs resulted in hepatic dysfunction.
Change in the Gene Expression Profile
Messenger RNA from liver tissues of the vehicle control group and the group exposed to 10 mg/kg BW TiO 2 NPs for 90 consecutive days was analyzed with Illumina BeadChip. The results showed that more than 2.54% (1142 genes) of the total genes (45,000 genes) were significantly changed following long-term exposure to 10 mg/kg TiO 2 NPs (Table 2) . Of these 1142 genes, 664 genes were upregulated and 478 were downregulated. We used the ontology-driven clustering approach of Protein Analysis Through Evolutionary Relationships (PAN-THER), which indicated that 785 of the 1142 genes were associated with immune/inflammatory response, apoptosis, oxidative stress, the metabolic process, response to stress, cell cycle, ion transport, signal transduction, cell proliferation, cytoskeleton, and cell differentiation (Fig. 3) ; the functions of another 357 genes were unknown (Fig. 3) . 2.03 ± 0.10 2.54 ± 0.13* Note. Ranks marked with an asterisk or double asterisks means it is significantly different from the control (unexposed mice) at the 5 or 1% confidence level, respectively. Values represent means ± SE, n = 10.
GENE-EXPRESSED PROFILING IN LIVER BY TIO 2 NPS
Real-time Polymerase Chain Reaction
To verify the accuracy of the microarray assays, a number of genes that demonstrated significantly different expression patterns were chosen due to their association with immune response, oxidative stress, apoptosis, response to stress, the metabolic process, and cell proliferation. Most of the qRT-PCR results were in reasonable agreement with the microarray results (i.e., either up-or downregulation). For simple validation, 14 genes were verified by RT-PCR, all of which displayed expression patterns comparable with the microarray data (Table 3), with the exception of Grb2, which showed discrepancy between the two methods, suggesting possible problems with RNA handling or pipetting issues.
DIsCussION
The results of this study indicate that long-term exposure to 10 mg/kg BW TiO 2 NPs results in titanium accumulation in mouse liver tissue, TiO 2 NP aggregation in hepatocyte nuclei ( Fig. 2B ), liver inflammation ( Fig. 1) , and hepatocyte apoptosis ( Fig. 2B ), coupled with decreases in the levels of WBC, LYMPH, and NEUT and increases in ALT, AST, ALP, and LDH activities and TChol and TG levels (1). TiO 2 NP-induced hepatic toxicity is closely related to NP size (in general, smaller NPs induce greater toxicity) (Oberdörster et al., 1994; Wang et al., 2007) ; however, toxicity is mainly dependent on TiO 2 NPs surface area (Warheit et al., 2006) . The surface area of TiO 2 NPs is negatively correlated with its size. In this study, the average particle size in TiO 2 NP powder was about 5 nm and the surface area was 174.8 m 2 /g Yang et al., 2002) ; thus, exposure to these TiO 2 NPs caused severe damage to mouse liver.
The significant reduction in hematological parameters and liver dysfunction caused by exposure to TiO 2 NPs may be related to damage of immune and metabolism function in mice, which may be associated with alterations in gene expression in the liver. To identify the molecular mechanisms caused by exposure to TiO 2 NPs, microarray assays of RNA from mouse livers were performed to establish a global gene expression profile. These assays indicated that the expression levels of 1142 genes were significantly changed, and 785 of these genes were involved in inflammatory/immune response, apoptosis, oxidative stress, and the metabolic process. The main results are discussed below. 
Genes Related to Immune and Inflammatory Response
A previous study demonstrated that TiO 2 NPs significantly increased the mRNA and protein expression of TLR2, TLR4, and several inflammatory cytokines, including IKK1, IKK2, NF-κB, NF-κBP52, NF-κBP65, TNF-α, and NIK, thus inducing an inflammatory response in the liver of mice . In this study, focal inflammatory cell infiltration in liver tissue was observed (Fig. 1) , and 39 genes (3.41% of 1142 genes) involved in immune and inflammatory responses were significantly changed as shown by microarray data (Table 2) . Of these genes, 16 were upregulated and 21 were downregulated. In line with our data, Fujita et al. (2009) found that 15 genes involved in the inflammatory response and 23 genes involved in the immune response were upregulated at both 3 day and 1 month postexposure to C60 fullerene. These results suggest that nanoparticles may change the expression levels of key genes, then trigger toxic signal pathways, and finally induce an inflammatory response in the liver. Retinoic acid early transcript beta (Raet1b) plays a role in the positive regulation of the immune response in tumor cells, and its expression induces primary tumor rejection and triggers in vitro natural killer (NK) cell cytotoxicity and interferon-γ secretion (Hayakawa et al., 2002) . Our data show that Raet1b was increased by 83.03-fold in the TiO 2 NP-exposed group ( Table  2 ), suggesting that TiO 2 NPs induced Raet1b expression and then triggered NK cell cytotoxicity, which resulted in a reduction in immune capacity and the generation of inflammation in mouse liver. Chemokine (C-X-C motif) ligand 1 (CXCL1) is important for the expression of CXCL2/MIP-2 and CXCL5/ LPS-induced CXC chemokine, and activation of NF-κB (Cai et al., 2010) . In this study, Cxcl1 was overexpressed (with a diffscore of 70.45) following exposure to TiO 2 NPs (Table 2) ; therefore, it activated proinflammatory cytokines and then led to hepatic inflammation. However, complement factor D (Cfd) was dramatically downregulated with a diffscore of -110.03 (Table 2) . Cfd is a serine protease essential for activation of the alternative pathway in the complement system. Its main role is to eliminate foreign antigens and pathogens as part of the normal host response (Holers, 2000) . Abrera-Abeleda et al. (2007) reported that Cfd gene knockout mice were a novel model of spontaneous mesangial immune complex glomerulonephritis. The inhibition of Cfd expression due to exposure to TiO 2 NPs reduced the activity of C3b factor B, which is also known as C3 convertase. A small quantity of C3 convertase (C3bBb) is insufficient to cleave additional C3 molecules and generate C3a and C3b; therefore, TiO 2 NP exposure causes further amplification of the immune/inflammatory programs in mouse liver (Fig. 4) . Chen et al. (2006) found that intratracheal instillation of TiO 2 NPs in mice induced the differential expression of hundreds of genes including those related to apoptosis and the cell cycle. In this study, we observed hepatocyte apoptosis caused by TiO 2 NPs (Fig. 2) . To further clarify the molecular mechanism of apoptosis, we analyzed the apoptotic genes and found that 58 genes (5.07% of 1142 genes) were significantly altered by exposure to TiO 2 NPs (Table 2) . Of these 58 genes, 30 were upregulated and 28 were downregulated. Expression of the apoptotic genes, including cysteine-serine-rich nuclear protein-1 (Csrnp1) and Ddit4, were significantly upregulated, with diffscores of 111.74 and 42.40, respectively (Table 2) . Csrnp1 has been identified as an immediate early gene that is strongly induced in response to IL-2 in mouse T cells (Gingras et al., 2007) . We suggest that high expression of Csrnp1 may induce proinflammatory cytokine expression and then hepatocyte apoptosis. As a novel transcriptional target of p53, Ddit4, which is also known as REDD1, induced DNA damage (Ellisen et al., 2002) . REDD1 encodes a shared transcriptional target that implicates reactive oxygen species (ROS) in the p53-dependent DNA damage response and in p63-mediated regulation of epithelial differentiation. The overexpression of Ddit4 caused by TiO 2 NPs may induce the accumulation of ROS, which leads to DNA oxidative damage and finally causes apoptosis. However, Bcl3 expression was significantly reduced following exposure to TiO 2 NPs in the study. Kreisel et al. (2011) demonstrated a critical role for Bcl3 in regulating emergency granulopoiesis and suggested that Bcl3 prevents an acute inflammatory response in mouse lung injury. Bauer et al. (2006) indicated that apoptosis is inhibited by Bcl3 involving a Bim-independent pathway. Therefore, the typical apoptosis caused by exposure to TiO 2 NPs implied that the upregulated pro-apoptosis genes and downregulated expression of Bcl3 may have a collaborative effect on inducing hepatocyte apoptosis.
Genes Related to Apoptosis
Genes Related to Oxidative Stress
Previous studies have shown that TiO 2 NPs can induce the production of ROS (such as O 2
•− and H 2 O 2 ) and lipid peroxidation in the mouse liver, indicating that the liver suffered from oxidative stress (Cui et al., 2010; Ma et al., 2009) , and demonstrated that TiO 2 NPs exposure decreased the stress-related gene expression levels of superoxide dismutase, catalase, glutathione peroxidase, metallothionein, heat shock protein 70, glutathione S transferase, P53, and transferrin, and significantly increased cytochrome p450 1A expression in mouse liver (Cui et al., 2010) . In this study, microarray data suggested that approximately 101 genes (8.84% of 1142 genes) related to oxidative stress were significantly changed in the TiO 2 NP-exposed liver (Table 2) . Of these 101 genes, 66 were upregulated and 35 were downregulated (Table 2) . In this study, connective tissue growth factor (Ctgf) was highly expressed following exposure to TiO 2 NPs, with a diffscore of 68.56. Ctgf is a multifunctional protein that coordinates complex biological processes during tissue development and remodeling. It also contributes to the microbicidal activity of phagocytes, regulation of signal transduction and gene expression, and oxidative damage to biopolymers. Overexpression of Ctgf was demonstrated to induce pulmonary vascular remodeling and pulmonary hypertension . Therefore, we speculate that Ctgf may be a sensitive gene for TiO 2 NP exposure. Its abnormal expression may cause the disorder of several biological processes involved in ROS production. ROS accumulated by exposure to TiO 2 NPs lead to oxidative stress in the liver, thus causing hepatocyte apoptosis. Enoyl-coenzyme A (hydratase/3-hydroxyacyl coenzyme A dehydrogenase [Ehhadh] ), a small protein encoded by this gene that uses dioxygen (O 2 ) to oxidize organic molecules, contains some enzymes, and it degrades hydrogen peroxide (H 2 O 2 ). Defects in this gene are a cause of peroxisomal disorders such as Zellweger syndrome (Stephen and David, 2000) . In our study, Ehhadh was downregulated by TiO 2 NP exposure, with a diffscore of −19.26. Reduced Ehhadh expression by TiO 2 NPs may cause hepatocyte peroxisomal disorders and decrease antioxidative capacity or detoxification.
Genes Related to Metabolic Process
Several reports have addressed the transcriptomic changes involved in the hepatic metabolic process induced by diverse chemical toxicants. Richards et al. (2004) reported that hydrazine induced hepatic steatosis and necrosis in mice, and altered the expression of genes involved in lipid peroxidation/fatty acid synthesis and transport. Lee et al. (2007) indicated that valproic acid induced hepatotoxicity including microvesicular steatosis and necrosis in the liver following oral administration of a single dose of 100 mg/kg (low dose) or 1000 mg/kg (high dose) in mice. The expression of genes associated with the metabolic (Table 2) . Notably, TiO 2 NPs induced changes in the expression of genes involved in the biosynthetic pathways of both cholesterol and lipid metabolism. For example, the proprotein convertase subtilisin type 9 (Pcsk9) is involved in the cholesterol metabolic process and plays a key role in cholesterol homeostasis by binding the low-density lipoprotein receptor and targeting it toward degradation (Essalmani et al., 2011) . Lee et al. (2005) reported that Acetyl-CoA acetyltransferase 2 (Acat2) provides the core cholesteryl ester of newly secreted very low-density lipoprotein, whereas lecithin:cholesterol acyltransferase adds cholesteryl ester during low-density lipoprotein particle formation. In this study, Pcsk9 and Acat2 were highly expressed following exposure to TiO 2 NPs, with diffscores of 67.06 and 63.61, respectively (Table 2) . TiO 2 NPs inducing Proprotein convertase subtilisin/kexin type 9 (Pcsk9) and Acat2 overexpression may promote the biosynthesis of cholesteryl ester, thus, resulting in high levels of TChol in serum and liver dysfunction (Table 1) .
CONClusION
After a single intragastric administration of 10 mg/kg BW TiO 2 NPs for 90 consecutive days, accumulation of TiO 2 NPs in liver tissue and even in hepatocyte nuclei was observed, which impaired liver function and induced a severe inflammatory response and hepatocyte apoptosis in mouse liver. The liver damage caused by long-term exposure to TiO 2 NPs may be closely associated with significant changes in the expression of genes involved in immune and inflammatory responses, apoptosis, oxidative stress, and the metabolism process, and in particular, a reduction in Cfd expression. The obvious reduction in the expression of Cfd following TiO 2 NPs exposure may trigger signaling cascades to activate inflammatory programs. Therefore, the application of TiO 2 NPs in pharmacology; in popular sunscreens, toothpastes, and cosmetics; and in the decontamination of water and air should be performed with caution.
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